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Editor: Wei OuyangDeveloping cultivars with traits that can enhance and sustain productivity under climate change will be an im-
portant climate smart adaptation option. The modiﬁed CSM-CERES-Pearl millet model was used to assess yield
gains by modifying plant traits determining crop maturity duration, potential yield and tolerance to drought
and heat in pearl millet cultivars grown at six locations in arid (Hisar, Jodhpur, Bikaner) and semi-arid (Jaipur,
Aurangabad and Bijapur) tropical India and two locations in semi-arid tropical West Africa (Sadore in Niamey
and Cinzana inMali). In all the study locations the yields decreasedwhen crop maturity duration was decreased
by 10% both in current and future climate conditions; however, 10% increase in crop maturity signiﬁcantly
(p b 0.05) increased yields at Aurangabad and Bijapur, but not at other locations. Increasing yield potential traits
by 10% increased yields under both the climate situations in India and West Africa. Drought tolerance imparted
the lowest yield gain at Aurangabad (6%), the highest at Sadore (30%) and intermediate at the other locations
under current climate. Under climate change the contribution of drought tolerance to the yield of cultivars either
increased or decreased depending upon changes in rainfall of the locations. Yield beneﬁts of heat tolerance sub-
stantially increased under climate change at most locations, having the greatest effects at Bikaner (17%) in India
and Sadore (13%) in West Africa. Aurangabad and Bijapur locations had no yield advantage from heat tolerance
due to their low temperature regimes. Thus drought and heat tolerance in pearl millet increased yields under cli-
mate change in both the arid and semi-arid tropical climates with greater beneﬁt in relatively hotter environ-
ments. This study will assists the plant breeders in evaluating new promising plant traits of pearl millet for
adapting to climate change at the selected locations and other similar environments.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).Keywords:
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Millets are an important source of food for humans and feed and fod-
der for animals in the arid and semi-arid tropical regions of Asia and
Africa. Considering cultivated area and production, ﬁnger millet, pearl
millet, foxtail millet and proso millet are the most important millets.
Pearl millet accounts for N50% of the global millet production. In Asia,
it is mainly grown in South and East Asia and in Africa, mainly in the
Sahel. Pearl millet occupies N95% of the total millet area in Africa
(16.8 million ha). The West and Central African region has the largest
area under millets and the six major pearl millet producing countries
in Africa are Niger, Nigeria, Mali, Chad, Burkina Faso and Senegal. Aver-
age productivity in the region is 880 kg ha−1 with Nigeria having the
highest productivity. In Eastern and Southern Africa, pearl millet is cul-
tivated on about 2 million ha, with productivity ranging from
800 kg ha−1 to 920 kg ha−1 (Bhagavatula et al., 2013).
In India 75% of total area under millets is occupied by pearl millet.
Current total area under the crop is about 9 million ha with an average
production of 7.68 million tons. The Rajasthan state, north and central
Maharashtra and northern Karnataka together account for 72% of
pearlmillet area in India. Since late 1980s the yield levels have increased
due to extensive use of improved varieties/hybrids of pearl millet. The
yield levels are the highest (N1 t ha−1) in the semi-arid temperate re-
gions and the lowest (0.5 t ha−1) in the arid regions (Bhagavatula
et al., 2013).
Low and erratic rainfall, high temperatures, poor soil fertility among
the abiotic stresses and downy mildew disease and widespread striga
infestation among biotic stresses, are the major constraints to the pro-
duction of pearl millet. These constraints cause low and highly variable
yields both in Asia and Africa. In addition to these constraints, the
projected climate changes in themost arid and semiarid tropical regions
will adversely impact the crop yields, thus challenging the food security
in these regions (IPCC, 2007; Fischer et al., 2005; Howden et al., 2007).
Changes in rainfall coupled with a rise in temperature may also reduce
the length of the growing period (LGP) in the dry tropical regions
(Cooper et al., 2009). Therefore, it will be important that the maturity
duration of crops match the LGP in future for higher and stable yields.
The optimumrange of air temperature for vegetative growth of pearl
millet is 33 to 34 °C (Ong and Monteith, 1985). Fussell et al. (1980) re-
ported that high temperatures (33/28 °C day/night) during vegetative,
stem elongation and grain development phases decrease grain yield
by reducing basal tillers, number of grains per inﬂorescence and
single-grain weight. In the arid and semi-arid tropics the mean crop-
season temperatures are already in thehigher range for pearlmillet pro-
duction. Any further increase in temperature due to climate change will
signiﬁcantly reduce crop yields. However, increased CO2 concentration
in the atmosphere could have beneﬁcial effects on crop growth, and
could partially negate the detrimental effects of rising temperatures de-
pending on the degree of the temperature rise, and the extent of crop
transpiration reductions under elevated CO2.
Knox et al. (2012), using meta-analysis of large number of publica-
tions, reported 10% reduction in yield of millet across Africa with cli-
mate change by 2050. Sultan et al. (2013) assessed the impacts of
climate change onmillet and sorghumyields in the Sudanian and Sahel-
ian savannas ofWest Africa. They createdmultiple possible climate sce-
narios (thirty ﬁve) by combining precipitation changes from−20% to
20% and temperature changes from +0 to +6 °C. Out of 35 scenarios
tested 31 scenarios showed a negative impact on yield, up to −41%
(+6 °C/−20% rainfall). They also concluded that changes in rainfall
cannot counter the negative impacts caused by temperature rise
when warming exceeds 2 °C. The Sudanian region appears to be more
vulnerable as the probability of yield reduction appeared to be greater
than in the Sahelian region. Their simulations also showed that the tra-
ditional millet and sorghum varieties used by the local farmers which
are photoperiod-sensitive were more resilient to future climate condi-
tions than the high yield potential modern cultivars.Along with the development of new agronomic technologies, more
changes in climate will require greater efforts to develop cultivars that
are tolerant to drought, high temperatures and improved response to
rising CO2 (Hammer et al., 2002; Boote et al., 2011). Because of the re-
gional variations in climate change, there is a need for improved crop
varieties, management practices and cropping systems that are speciﬁc
to local conditions to adapt to the future climates. Attempts are already
beingmade by plant breeders to identify key plant traits responsible for
improved performance under climate change. At this juncture an as-
sessment of beneﬁts of incorporating such traits in pearl millet for the
target environments would be useful for making appropriate research
investments. Using weather, soil and agronomic management data,
crop simulation models can be used to assess crop growth and yields
with new technologies and study their yield advantages for target loca-
tions (Boote et al., 2001). Since these crop models incorporate genetic
traits representing parameters, they can be used to propose genetic im-
provement of crops or to assess the possible beneﬁts of new ormodiﬁed
plant traits on crop performance in a target environment (Landivar
et al., 1983; Boote and Tollenaar, 1994; Boote et al., 2001; Boote, 2011;
Yin et al., 1999; Hammer et al., 1996, 2002, 2005, 2010; Tardieu, 2003;
White and Hoogenboom, 2003; Messina et al., 2006; Suriharn et al.,
2011; Singh et al., 2012, 2014a, b, c). Signiﬁcant progress has been
made on understanding the crop responses to climate change factors
using simulationmodels and, thesemodels provide an excellent oppor-
tunity to assess the beneﬁts of genetic improvement of crops under cli-
mate change. Thus crop models provide a broader picture of impacts of
climate change on crop performance. However, most crop models at
current state of development do not simulate the impacts of pests and
diseases and direct and indirect effects of extreme weather events
such as high intensity rainfall storms and extended water-logging. As
of today the authors of this paper have not come across any studies in
the literature on use of pearl millet modeling framework to hypothesize
genetic improvement of the crop to achieve higher yields, especially
under climate change scenarios.
The objectives of this studywere: 1) to assess the climate change im-
pacts on the productivity of pearl millet at selected locations in West
Africa and India; and 2) to assess the yield gains in pearlmillet thorough
genetic improvement, especially for drought and heat tolerance, for
adapting to climate change in the pearl millet growing regions of
West Africa and India.
2. Materials and methods
2.1. Study locations
The present study was carried out in two locations in West Africa
and six locations in India. The six locations in India included four loca-
tions in the north-western zone (Hisar, Jaipur, Jodhpur and Bikaner)
and two locations in the south-central zone (Aurangabad and Bijapur).
In West Africa the two locations selected were Sadore (Niger) and
Cinzana (Mali). The Hisar, Jodhpur and Bikaner locations in India are
in the arid tropical climate and remaining ﬁve sites in India and West
Africa are in the semi-arid tropical climate. At these locations pearl mil-
let is extensively grown by farmers in their production systems. The soil
and growing-season climatic characteristics of the locations are given in
Table 1.
2.2. The pearl millet model
We used DSSAT v4.6.10 (Decision Support System for Agro-
technology Transfer, version 4.6.10) (Hoogenboom et al., 2014) as the
starting point; however the existing CSM-CERES-pearl millet model
(default version) was modiﬁed to assess the impact of climate change
and plant traits on the productivity of pearl millet. The improvements
made in the millet model are described in Section 2.5. This improved
version of the model will be part of the next version of DSSAT. The
Table 1
Location, soil and climatic characteristics of selected sites in India and West Africa.
India West Africa
Hisar Jaipur Jodhpur Bikaner Aurangabad Bijapur Sadore Cinzana
(a) Location
Latitude (°) 29.15 26.91 26.24 28.02 19.88 16.82 13.25 13.25
Longitude (°) 75.72 75.79 73.02 73.32 75.34 75.71 2.3 −5.96
Elevation (m) 221 100 514 223 282 404 300 280
(b) Soil
Soil depth (cm) 168 80 169 130 120 176 210 180
EWHC (mm)a 195 72 202 196 139 198 167 117
(c) Climate (June to October)
Mean max. temperature (°C) 36.0 35.4 36.5 38.5 31.1 31.6 35.3 32.7
Mean min. temperature(°C) 23.4 24.4 25.1 26.2 21.4 21.9 23.6 23.3
Mean temperature (°C) 29.7 29.9 30.8 32.4 26.2 26.8 29.5 28
Growing season rainfall (mm) 348 507 306 241 693 512 512 624
PET (mm)b 866 813 879 986 683 645 855 803
a Extractable water holding capacity of soil.
b Potential evapotranspiration.
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ductive) processes and dynamics of water, nitrogen and carbon in the
soil. These processes have been described in detail by Ritchie et al.
(1998) and Ritchie (1998). Jones et al. (2003) describe the minimum
soil, weather, management and site data needed as input to the model
to simulate a crop. The model also needs crop-speciﬁc parameters and
cultivar-speciﬁc parameters or genetic coefﬁcients (GCs) to simulate
growth and yield of a pearl millet cultivar.
2.3. Baseline and projected weather data
Thirty-years (1980–2009) of observed daily weather data for the
Indian locationswere obtained from the IndiaMeteorology Department,
Pune, India, or downloaded from the NOAA site, except for the Bijapur
site where only 25 years (1983–2007) data were available. Weather
data for Sadore (1983–2008) and Cinzana (1983–2010) were obtained
from the research stations of ICRISAT at Sadore (Niger) and Bamako
(Mali), respectively. The baseline weather data of locations were
checked for quality and the anomalous values, if found, were corrected
using the bias-corrected AgMERRA data (Ruane et al., 2015). Future cli-
mate projections were created by utilizing “delta” approach, in which
mean monthly climate changes from baseline under RCP 8.5 for near
and mid-century period were applied to the daily baseline weather as
per the mohc_hadgem2_es GCM model. Temperature changes were
added to the baseline temperature, whereas precipitation change factors
weremultiplied to the precipitation data of the locations. The future time
scaleweather series and the corresponding projected CO2 concentration,
according to RCP 8.5, were used in all simulations to study the climate
change impacts. Projected changes inmonthly temperatures and rainfall
from the baseline values for the locations are presented in Table 2.
2.4. Soils data
For the Indian locations, the soil proﬁle data were obtained from the
published soil series of India (Lal et al., 1994). Soil data for the Sadore
and Cinzana locations were obtained from the ICRISAT Research Sta-
tions at Sadore (Niger) and Bamako (Mali), respectively. Using this
basic soil proﬁle information and the SBuild tool available in DSSAT,
layer-wise data on soil proﬁle characteristics needed for model execu-
tion were estimated for all the selected locations.
2.5. The model improvements
The default version of the CSM-CERES-Pearlmilletmodel had certain
deﬁciencies that limited adequate simulation of the yield response to
agronomic management and environmental factors, especially hightemperatures. Certain changes inmodel code and parameterswere nec-
essary to improve the model and make it responsive to agronomic and
environmental factors. The model underestimated grain yields when
the crop was grown at low plant density or quite wide row-spacing.
The power coefﬁcient in the equation determining light interception
by the canopy (LIFAC) was decreased from 0.1 to 0.04 to improve the
model response to plant population/row-spacing. The model also
underestimated the yield when drought stressed during reproductive
period. To overcome this, the direct water stress effects were taken
out from the equations in the model estimating panicle weight
(PANWT), thus relying only on drought effects to reduce LAI and crop
photosynthesis, and indirectly reducing panicle/grain growth. The
model underestimated the leaf area of tillers as compared to the leaf
area of main stem, thus minimizing their relative contribution to the
overall yield of millet crop. A new genetic coefﬁcient GT (tiller leaf
size coefﬁcient) was introduced in the cultivar ﬁle and code was
added to enhance contribution of tillers to the total leaf area of the
plant. Under extended day length the model over estimated grain
yield and harvest index compared to the observed data because the ex-
tended day-length favored both the total biomass and panicle growth.
The reduction in grain yield with delayed sowing was too strong in
the model and also not consistent with the reduction in total biomass
produced. This led to investigation on how grain numbers were being
set in the model and required some changes in the code. The original
code had 100% dependency of grain number and initial panicle mass
on total biomass at the time of grain-set; the new code was modiﬁed
to use 50:50 effect of crop growth rate during the ISTAGE4 phase (end
of leaf growth to end of panicle growth) as well as total biomass at
end of ISTAGE4 (end of panicle growth) when grain number and initial
panicle mass were set. A new genetic coefﬁcient G5 (potential grain
size) was introduced in the cultivar ﬁle to set seed size, which also af-
fected seed numbers set (see Appendix I for the explanation of GCs
used in the modiﬁed version of the millet model). Some temperature-
related response functions such as leaf area expansion (RGLAI) were
hard-wired in the original model code; thus for the modiﬁed model
these were externalized in the species ﬁle to allow correctly setting
the upper limits of temperature thresholds for these processes. The
temperature-related functions for photosynthesis (PRFTC) and grain
growth rate (RGFIL), while already in the species ﬁle, were modiﬁed
in their parameterization. Also the original model did not have any pro-
vision to affect seed number set by high temperatures (RGSET) and thus
the effects of heat tolerance in pearl millet could not be evaluated. A
new function (RGSET) was added to simulate high temperature effects
on seed-set of pearl millet based on the work of Gupta et al. (2015).
All the temperature-related response functions with original and mod-
iﬁed temperature thresholds are given in Appendix II.
Table 2
Baseline climates and projected “delta” temperature or percent rainfall changes in climate at the selected sites in India.
Month Hisar Jaipur Jodhpur Bikaner
Baseline Projected Baseline Projected Baseline Projected Baseline Projected
(1980–2009) (2050)a (1980–2009) (2050) (1980–2009) (2050) (1980–2009) (2050)
Max. temperature (°C)
June–Oct 33.4–39.9 0.9–3.7 33.3–39.9 0.1–2.7 34.1–40.3 0.1–2.5 36.4–41.9 −0.2–2.4
Min. temperature (°C)
June–Oct 16.2–26.4 2.0–5.5 19.8–27.6 1.3–3.4 20.3–28.4 1.9–3.9 20.5–29.3 1.2–4.2
Rainfall (mm) % change
June 59 13 53 3 33 6 38 −23
July 118 52 181 21 128 −1 108 −25
August 94 64 182 31 103 34 56 32
September 66 5 60 62 37 47 29 45
October 11 −29 32 −72 5 −63 10 −80
Total 348 507 306 241
Month Aurangabad Bijapur Sadore Cinzana
Baseline Projected Baseline Projected Baseline Projected Baseline Projected
(1980–2009) (2050) (1983–2007) (2050) (1983–2008) (2050) (1983–2010) (2050)
Max. temperature (°C)
June–Oct 28.9–34.4 0.3–3.6 30.5–33.7 −0.1–2.7 32.6–37.7 1.6–3.0 30.5–35.2 2.4–4.9
Min. temperature (°C)
June–Oct 18.6–23.4 2.1–3.8 20.9–22.9 1.7–2.6 22.5–25.5 2.9–6.5 22.5–24.8 3.0–4.1
Rainfall (mm) % change
June 133 3 100 −8 80 22 89 20
July 151 43 66 30 134 13 194 −10
August 173 1 99 2 182 −5 209 14
September 167 4 133 45 100 15 111 42
October 69 −31 114 1 16 6 22 84
Total 693 512 512 624
a 2040–2069 averaging period.
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sponds to various climate change factors such as elevated temperatures,
elevated CO2 concentrations and rainfall variability. In the model, high
temperature inﬂuences growth and development by shortening the
crop life cycle and reducing allocation of biomass to reproductive organs
through decreased seed set and seed growth rate. Increased CO2 con-
centration in the atmosphere increases crop growth and biomass pro-
duction through small increase in radiation use efﬁciency (RUE) and
transpiration efﬁciency. The effects of these two processes on pearl mil-
let are simulated in the same way as for the sorghum crop, which sim-
ulations were described in detail by Singh et al. (2014c). Thus the
pearl millet model has the ability to simulate the climate change im-
pacts on growth, development and yield of pearl millet.
2.6. Model calibration
ICMH 356 and Sharda were considered as themost suitable baseline
cultivars for Indian locations. Depending upon location and season,
ICMH 356 takes 75 to 82 days to reach maturity, whereas Sharda takes
78 to 86 days to maturity. In the All India Coordinated Pearl Millet Im-
provement Project (AICPMIP) trials, these cultivarswere used as nation-
al checks in the multi-location trials in India. ICMH 356 was used as a
check in the north-western states (Punjab, Haryana, Rajasthan and Gu-
jarat) and at some locations in the southern states (Andhra Pradesh,
Karnataka and Tamil Nadu). Sharda was used as check in the central
and southern states (Maharashtra, Karnataka, Andhra Pradesh and
Tamil Nadu) of India. To determine GCs of these baseline cultivars, the
Advanced Hybrid Trials data (1995–2012) of AICPMIP were used
(AICPMIP, 1995–2012). The selected locations for ICMH 356 were Lu-
dhiana, Delhi, Gwalior, Hisar, Bawal, Bikaner, Jaipur, Jodhpur, Anand
and Anantapur. For Sharda the selected locations were Anantapur,
Palem, Bijapur, Aurangabad, Buldana, Dhule, Mandore and Coimbatore.
The available agronomic data included sowing date, harvest date, NPK
applications and scheduling of irrigations to the crop. The observeddata available from the variety trials were anthesis and maturity dates,
seed size, and grain and fodder yields. For the drier locations in the
north-western zone (Rajasthan and Haryana, rainfall b 450 mm during
the growing season), plant population was 13 plants m−2 with a row
spacing of 60 cm. Across locations and seasons, nutrient management
ranged from 40 to 80 kg N and 20 to 40 kg P ha−1. All the P and half
the N dose was applied at the time of sowing and the remaining N at
30 days after sowing. For the wetter locations in the north-western
and south-central zones (rainfall N 450mmduring the growing season)
the plant population was 18 plants m−2 with a row spacing of 45 cm.
Whenever the total N application in a season exceeded 80 kg ha−1,
the extra amount was applied at 50 days after sowing. GCs of pearl mil-
let comprise those of phenology (P1, P2O, P2R and P5) and growth co-
efﬁcients (G1, G4 and GT). These coefﬁcients were determined by
several iterations of the model such that the simulated data on phenol-
ogy and crop yields matched the observed data across locations for a
given pearl millet cultivar. Since the phenology of pearl millet is similar
to that of sorghum, the iteration process followed to determine its phe-
nology coefﬁcients was the same as for sorghum (Singh et al., 2014c).
Crop growth coefﬁcients affecting total biomass production and its
partitioning to panicle and seeds and crop canopy leaf area expansion
were set by adjusting the scales for relative leaf size on main stem
(G1), partitioning of assimilates to the panicle (G4) and relative leaf
size on tillers (GT). SLPF (soil limited photosynthesis factor as given in
the SOIL.SOL ﬁle) was also set to match the simulated yields with the
observed data recorded across seasons for a site. The SLPF values used
were 0.69 for Delhi, 0.95 for Ludhiana, 0.80 for Hisar, 0.91 for Bawal,
0.92 for Anand, 0.70 for Jaipur, 0.70 for Jodhpur, 0.82 for Bikaner, 0.76
for Aurangabad, 0.81 for Bijapur, 0.80 for Buldana, 0.78 for Dhule, 0.84
for Mandore, 0.65 for Anantapur, 0.74 for Palem and 0.77 for Coimba-
tore. Since the soil andweather data used for simulation did not belong,
in a spatially exact sense, to the trial locations and since the records of
crop agronomy and observed crop data had certain deﬁciencies, we cal-
ibrated the GCs of cultivars such that the mean, maximum and
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of the reportedmean,maximumandminimumgrain yields for the loca-
tions. Thus, the rain-fed potential yield and the minimum yield were
primarily obtained under drought stress and the mean yield for each
site was simulated accurately.
For the West African locations the baseline cultivar used was CIVT.
This cultivar is of medium duration and took about 105 to 112 days to
mature at the selected target locations. All the growth, development
and yield data used in this study for the CIVT cultivar were generated
in ﬁeld trials conducted at ICRISAT Research Centre at Sadore, Niamey,
in Niger. The 1986 and 1987 seasons data (Sivakumar, 1990) and the
2005 season data (Akponikpe, 2008) were used for model calibration
of GCs of the CIVT cultivar. These trials consisted of two to four sowing
dates with some supplemental irrigation during the dry periods. Data
were collected on 50% ﬂowering, days to maturity, total biomass and
grain yield. The model calibration procedure was the same as described
above. The 1984, 1985, 1986 and 1987 seasons data (Sivakumar and
Salaam, 1999) and 1995 season data (Akponikpe et al., 2008) were
used for model evaluation. In these trials the crop was grown rainfed
at different levels of N (0 to 60 kg ha−1) and P (0 to 20 kg ha−1) appli-
cation in different years through chemical or organic sources. The crop
in all these trials was grown in hills 1 m × 1 m apart and 3 plants per
hill to give a plant population of 3 or 3.3 plants per m2. In the experi-
ments where organic sources of nutrients were applied alongwithmin-
eral fertilizers, the Century (Parton) method was used for the
simulation of crop growth and yields; whereas where only mineral fer-
tilizers were applied the CERES (Godwin) method was used. The SLPF
values of the soils used for all the simulations were 0.55 each for Sadore
and Cinzana, except for the experimental site during the 1995 season at
Sadore when SLPF of 0.45 was used.
2.7. Virtual cultivars development
2.7.1. Crop maturity duration and yield potential
For each baseline cultivar three crop maturity durations were iden-
tiﬁed for developing virtual cultivars – baseline (no change in the
GCs), 10% shorter and 10% longer maturity cultivars. The procedure for
making changes in crop maturity duration has been described in Singh
et al. (2014c). To increase the yield potential of cultivars, the coefﬁcients
G1, G4 and GT in the cultivar ﬁle and radiation use efﬁciency (RUE) in
the ecotype ﬁle (*.ECO) were increased by 10% each. These procedures
resulted in six virtual cultivars, namely, baseline, 10% short, 10% long,
baseline + yield potential, 10% short + yield potential and 10%
long + yield potential, to which the drought and heat tolerance traits
were incorporated virtually.
2.7.2. Drought and heat tolerance
Changes weremade inWR (relative root length density distribution
with soil depth) and LL (lower limit of soil water availability) for each
soil layer given in the soil ﬁle (*.SOL) to enhance drought tolerance of
cultivars. The procedure for creating drought tolerant virtual cultivars
has been described in detail by Singh et al. (2014b, 2014c). Heat tolerant
pearl millet virtual cultivar was created by increasing the two upper
threshold values of each RGFIL (relative grain ﬁlling rate with tempera-
ture) and RGSET (relative grain set rate with temperature) located in
the species ﬁle (*.SPE) by 2 °C. In case of RGFIL the upper optimum tem-
perature threshold (TOP2) valuewas increased from 27 to 29 °C and the
damaging (failure) temperature threshold (TMAX) value increased
from 60 to 62 °C. In case of RGSET the TOP2 was increased from 33 to
35 °C and the TMAX from 39 to 41 °C (see Appendix II for details).
Heat and drought tolerance traits were evaluated for the
base + yield potential virtual cultivar for the locations, unless the
other virtual cultivar was signiﬁcantly high yielding. Thus considering
their mean yields under baseline climate and climate change, the
base+yield potential virtual cultivarwas evaluated for the Jaipur, Jodh-
pur, Bikaner, Sadore and Cinzana locations; whereas the 10%long + yield potential cultivar for the Hisar, Aurangabad and Bijapur
locations.
2.8. Simulation runs
The modiﬁed CSM-CERES-Pearl millet simulation model coupled
with the seasonal analysis tool available in DSSAT v4.6.1.0 was used to
simulate climate change impacts on pearl millet productivity. For each
study location, we carried out simulations for both baseline and the
projected climate change (Temperature + CO2 + Rainfall) by 2030
and 2050. The atmospheric CO2 concentration used were 380 ppm,
432 ppm and 571 ppm for the baseline, 2030 and 2050 climate projec-
tions, respectively (Rosenzweig et al., 2015). For evaluating genetic
traits, simulations were carried out for the baseline and 2050 climate
change projections only.
Each year simulations were initiated on 1st January when the soil
proﬁle was assumed to be at lower limit of water availability (LL).
Each year the sowing window was ﬁrst week of July to end of August
for Hisar, Jaipur, Jodhpur and Bikaner locations and third week of June
to last week of August for the Aurangabad and Bijapur locations. The
simulated crop was sown on the day within the sowing window when
the soil moisture had reached at least 40% of the extractable water-
holding capacity in the top 30-cm soil. For the drier locations (Hisar, Jai-
pur, Jodhpur and Bikaner) a plant population of 13 plants perm2 with a
row-to-row spacing of 60 cm was considered for simulating the pearl
millet yield. At sowing 18 kg N ha−1 were applied as di-ammonium
phosphate and the second dose of 22 kg N ha−1 applied as urea at
30 days after sowing. For the wetter locations (Aurangabad and
Bijapur), plant population considered was 18 plants per m2 with a
row-to-row spacing of 45 cm. At sowing 30 kg N ha−1 were applied
as mixture of di-ammonium phosphate and urea. Additional dose of
30 kgNha−1was applied as urea at 30 days after sowing. For the Sadore
and Cinzana locations the plant population considered was
3 plants m−2. At sowing 15 kg N ha−1 was applied at sowing at both
the locations; the second dose of nitrogen was 15 kg N ha−1 at Sadore
and 25 kg N ha−1 at Cinzana applied at 20 days after sowing; whereas
the third dose of nitrogen was 30 kg N ha−1 at Sadore and
40 kg N ha−1 at Cinzana applied at 45 days after sowing. As the study
primarily focused on the climate change impacts, the P-module in the
millet model was turned off and did not respond to any P application.
The SLPF (soil-limited photosynthesis factor) values for the selected lo-
cations were the same as used for model calibration for each site (see
Section 2.6). For each climate scenario (baseline and climate change)
and for evaluating the genetic traits the simulations were carried out
for 30 years each for Hisar, Jodhpur, Jaipur, Bikaner and Aurangabad;
whereas for Bijapur, Sadore and Cinzana these were done for 25, 26
and 28 years, respectively. As the pearl millet model does not simulate
the effects of biotic stresses, the crop was considered free from pests
and diseases. All the simulated data were analyzed using GenStat soft-
ware by following the analysis of variance (ANOVA) method (Payne
et al., 2009). To compare the treatments, RBD (Randomised complete
block design) was followed and the LSD at 5% level of probability was
calculated to compare the treatments. Years were considered as replica-
tions (blocks), as the pearl millet yield of a given treatment in one year
was not affected by the prior year (no carry-over effect of soil water
from one year to another).
3. Results
3.1. Model validation
Simulated grain yields of baseline cultivars were signiﬁcantly corre-
lated with observed data of the three cultivars (Fig. 1). The d-value, an
index of model predictability (Willmott, 1982), was 0.97 for ICMH
356, 0.96 for Sharda and 0.97 for CIVT. These results conﬁrm that the
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millet for the millet-growing regions of India and West Africa.
3.2. Impact of climate change on pearl millet yield
At Hisar and Jaipur the cultivar ICMH 356 on average produced
1019 kg ha−1 and 1405 kg ha−1 of grain yield, respectively (Table 3).
Climate change by 2030 signiﬁcantly (p b 0.05) increased the grain
yield at Hisar by 34%, mostly because of increased rainfall at that loca-
tion, but not at Jaipur. Overall effect of climate change factors
(temp. + CO2 + rain) by 2050 was 8% increase in yield at Hisar,
which was statistically non-signiﬁcant (p b 0.05). At Jaipur, however,
the yield signiﬁcantly (p b 0.05) decreased by 7% as compared to the
baseline yield. The decrease in yield at Jaipur could be due increased
crop water stress on the light textured shallow soil with the increase
in temperature in spite of increase in rainfall at this site.
At Jodhpur and Bikaner, the baseline cultivar ICMH 356 on average
produced 1357 kg ha−1 and 518 kg ha−1 of grain yield under baseline
climate, respectively (Table 3). Overall effect of climate change
(temp. + CO2 + rain) by 2030 was 23% increase in yield at Jodhpur
and 21% at Bikaner, indicating signiﬁcant (p b 0.05) and positive effect
of increase in rainfall on yields at the two locations. Climate change by
2050 increased the grain yield by 13% over the baseline yield at Jodhpur,Fig. 1. Relationship of simulated seed yieldwith the observed yield across sites in India for
cultivars (a) ICMH 356, (b) Sharda and (c) CIVT. Ta
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Table 4
Performance of virtual cultivars under baseline climate and climate change
(temp. + CO2 + rain) by 2050 at Hisar and Jaipur sites in India. Grain yield in kg ha−1.
Virtual cultivars Baseline
climate
Climate
change
2050
Grain
yield
%
change
Grain
yield
%
change
Hisar
Baseline 1019 – 1105 –
10% short 822 −19 907 −18
10% long 1195 17 1294 17
Baseline + yield pot. 1259 24a 1416 28a
10% short + yield pot. 1036 26a 1182 30a
10% long + yield pot. 1449 21a 1622 25a
LSD (0.05)b 178 194
10% long + yield pot. 1449 – 1622 –
10% long + yield pot. + drought tolerance (DT) 1567 8c 1761 9c
10% long + yield pot. + heat tolerance (HT) 1489 3c 1751 8c
10% long + yield pot. + DT + HT 1614 11c 1892 17c
LSD (0.05)b 54 64
Jaipur
Baseline 1405 1303
10% short 970 −31 874 −33
10% long 1492 6 1358 4
Baseline + yield pot. 1661 18a 1574 21a
10% short + yield pot. 1293 33a 1252 43a
10% long + yield pot. 1658 11a 1537 13a
LSD (0.05)b 220 185
Baseline + yield pot. 1661 1575
Baseline + yield pot. + drought tolerance (DT) 1796 8c 1683 7c
Baseline + yield pot. + heat tolerance (HT) 1732 4c 1672 6c
Baseline + yield pot. + DT + HT 1852 11c 1786 13c
LSD (0.05)b 38 32
% change: percent yield gain of a virtual cultivar due to the trait as compared to the base-
line cultivar yield unless otherwise indicated.
a Yield improvement compared to the cultivar with same crop maturity.
b Least signiﬁcant difference at 5% level of probability to compare yields within the
column above the LSD value.
c Yield improvement compared to the cultivar with same crop maturity and yield
potential.
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signiﬁcant increase of 5% at Bikaner.
For the South-Central zone the growth and yield of cultivar Sharda
was simulated. Under baseline climate on average it produced
2241 kg ha−1 of grain yield at Aurangabad; whereas at Bijapur it pro-
duced 1795 kg ha−1 (Table 3). Overall effect of climate change
(temp. + CO2 + rain) by 2030 was 1% decrease in yield at Aurangabad
and 4% increase at Bijapur,whichwere non-signiﬁcant (pb 0.05) chang-
es in yields at both locations. Climate change by 2050 decreased the
yield by 14% and 4% at Aurangabad and Bijapur, respectively, which
was statistically signiﬁcant (p b 0.05) at Aurangabad, but not at Bijapur.
The larger decrease in yield at Aurangabad could be attributed to low
water holding capacity of soil and the least increase in rainfall after
July as compared to Bijapur and other selected locations in India.
At Sadore, the cultivar CIVT on average produced 1188 kg ha−1 of
grain yield under baseline climate; whereas at Cinzana it produced
1321 kg ha−1 (Table 3). Overall effect of climate change
(temp. + CO2 + rain) by 2030 was 8% decrease in yield at Sadore and
11% increase at Cinzana. These changes in yields at both of these loca-
tionswere statistically signiﬁcant (p b 0.05) as compared to the baseline
yields at the respective locations. Overall effect of climate change factors
(temperature + CO2 + rainfall) by 2050 was signiﬁcant (p b 0.05) de-
crease in yield at Sadore (−14%) and non-signiﬁcant increase at
Cinzana (4%). In spite of some reduction in rainfall during July at
Cinzana, the increasing trend in yield at Cinzana could be attributed to
overall better moisture regime with climate change at Cinzana than at
Sadore.
Climate change atmost sites, except Jodhpur and Bikaner, decreased
the standard deviation in yields associated with mean yields under cli-
mate change. This may be attributed to increase in rainfall at the sites
in future due to climate change. Jodhpur and Bikaner are in more arid
climate where climate change increased the standard deviation in
yields, which is one of the measures of uncertainty in yields.
3.3. Pearl millet response to genetic traits in India
At Hisar under baseline climate, the cultivar ICMH 356 matured in
75 days and on average produced 1019 kg ha−1 of grain yield
(Table 4). Under baseline climate, the yield of 10% shorter duration cul-
tivar decreased by 19%, whereas increasing the duration by 10% in-
creased the yield by 17% (Table 4). Yield potential traits increased the
yield by 21% to 26%, the highest increase beingwith the shorter duration
cultivar and the lowest with the 10% longer duration cultivar. However,
the maximum yield (1449 kg ha−1) was simulated for the 10% longer
duration cultivar having yield potential traits incorporated. Under cli-
mate change, the pattern of yield response to crop maturity duration
and yield potential traits was similar to that simulated for the baseline
climate. Thus, the longer duration cultivar, with and without yield po-
tential traits, gave the highest yield under both the baseline and climate
change scenarios. At Jaipur, the same cultivarmatured in 76 days and on
average produced 1405 kg ha−1 grain yield under baseline climate
(Table 4). Under both climate scenarios, the percent change in yield
due to incorporation of yield potential and cropmaturity traits followed
the similar trend as for the Hisar site. However, the base + yield poten-
tial virtual cultivar had signiﬁcantly (p b 0.05) higher yield compared to
the baseline cultivar under both climates.
At Hisar the yield increased by 8%with drought tolerance under base
climate and 9% under climate change (Table 4). Increase in yield due to
heat tolerance was only 3% under baseline climate, which signiﬁcantly
(p b 0.05) increased up to 8% under climate change. Both drought and
heat tolerance combined increased the yield by 11% under baseline cli-
mate and 17% under climate change. At Jaipur, drought tolerance in-
creased the yield by 8% and 7% under baseline climate and climate
change, respectively, which were signiﬁcant (p b 0.05) increases
(Table 4). The beneﬁt in yield due to heat tolerance at Jaipur was only
4% under baseline climate and 6% under climate change, however, theyield increases were statistically signiﬁcant (p b 0.05). Both drought
and heat tolerance combined gave 11% yield increase under baseline cli-
mate and 13% in climate change conditions.
Jodhpur and Bikaner being warmer locations than Hisar and Jaipur,
the baseline cultivar ICMH 356 matured a few days earlier than at
Hisar and Jaipur and on average it produced 1357 kg ha−1 of grain
yield at Jodhpur and 518 kg ha−1 at Bikaner under baseline climate
(Table 5). At Jodhpur the grain yields of 10% shorter or 10% longer ma-
turity cultivars were not signiﬁcantly (p b 0.05) different from the base-
line cultivars yield under baseline climate. Yield potential traits
increased the yield of virtual cultivars by 15% to 18% with maximum
yield gain for the 10% short duration cultivar. Under climate change,
the yield of shorter duration cultivar decreased by 16%; whereas, the
yield of longer duration cultivar increased by 6%, which was a non-
signiﬁcant (p b 0.05) increase in yield. Yield potential traits signiﬁcantly
(p b 0.05) increased the yield of virtual cultivars by 18% to 24% under cli-
mate change. At Bikaner, the changes in grain yield due to cropmaturity
or yield potential traitswere non-signiﬁcant under both climate scenar-
ios, except for the longer duration cultivar with yield potential traits
that produced signiﬁcantly higher yield under baseline climate
(Table 5).
At Jodhpur drought tolerance trait increased the yield by 16% under
base climate and 6% under climate change (Table 5). Heat tolerance in-
creased the yield by 4% under baseline climate and 8% in climate change
conditions. Drought and heat tolerance together gave a yield advantage
of 20% and 14% under baseline climate and climate change, respectively.
At Bikaner the yield gain due to drought tolerance was 19% under
Table 5
Performance of virtual cultivars under baseline climate and climate change
(temp.+ CO2+ rain) by 2050 at Jodhpur and Bikaner sites in India. Grain yield in kg ha−1.
Virtual cultivars Baseline
climate
Climate change
2050
Grain
yield
%
change
Grain
yield
%
change
Jodhpur
Baseline 1357 1531
10% short 1288 −5 1286 −16
10% long 1369 1 1620 6
Baseline + yield pot. 1592 17a 1832 20a
10% short + yield pot. 1519 18a 1597 24a
10% long + yield pot. 1577 15a 1909 18a
LSD (0.05)b 206 218
Baseline + yield pot. 1592 1832
Baseline + yield pot. + drought tolerance (DT) 1847 16c 1948 6c
Baseline + yield pot. + heat tolerance (HT) 1654 4c 1974 8c
Baseline + yield pot. + DT + HT 1909 20c 2089 14c
LSD (0.05)b 108 71
Bikaner
Baseline 518 544
10% short 456 −12 504 −7
10% long 583 12 542 0
Baseline + yield pot. 601 16a 647 19a
10% short + yield pot. 528 16a 601 19a
10% long + yield pot. 690 18a 650 20a
LSD (0.05)b 142 114
Baseline + yield pot. 601 647
Baseline + yield pot. + drought tolerance (DT) 717 19c 789 22c
Baseline + yield pot. + heat tolerance (HT) 673 12c 754 17c
Baseline + yield pot. + DT + HT 805 34c 919 42c
LSD (0.05)b 34 90
% change: percent yield gain of a virtual cultivar due to the trait as compared to the base-
line cultivar yield unless otherwise indicated.
a Yield improvement compared to the cultivar with same crop maturity.
b Least signiﬁcant difference at 5% level of probability to compare yields within the
column above the LSD value.
c Yield improvement compared to the cultivar with same crop maturity and yield
potential.
Table 6
Performance of virtual cultivars under baseline climate and climate change
(temp. + CO2 + rain) by 2050 at Aurangabad and Bijapur sites in India. Grain yield in
kg ha−1.
Virtual cultivars Baseline
climate
Climate
change
2050
Grain
yield
%
change
Grain
yield
Grain
yield
Aurangabad
Baseline 2241 1925
10% short 1306 −42 1113 −42
10% long 3292 47 2814 46
Baseline + yield pot. 2964 32a 2641 37a
10% short + yield pot. 1831 40a 1588 43a
10% long + yield pot. 4101 25a 3698 31a
LSD (0.05)a 265 220
10% long + yield pot. 4101 3698
10% long + yield pot. + drought tolerance (DT) 4346 6c 3956 7c
10% long + yield pot. + heat tolerance (HT) 4107 0c 3737 1c
10% long + yield pot. + DT + HT 4352 6c 3999 8c
LSD (0.05)b 66 68
Bijapur
Baseline 1795 1729
10% short 1086 −39 915 −47
10% long 2628 46 2531 46
Baseline + yield pot. 2360 31a 2356 36a
10% short + yield pot. 1523 40a 1393 52a
10% long + yield pot. 3335 27a 3363 33a
LSD (0.05)b 216 188
10% long + yield pot. 3335 3363
10% long + yield pot. + drought tolerance (DT) 3848 15c 3808 13c
10% long + yield pot. + heat tolerance (HT) 3337 0c 3400 1c
10% long + yield pot. + DT + HT 3851 15c 3824 14c
LSD (0.05)b 109 131
% change: percent yield gain of a virtual cultivar due to the trait as compared to the base-
line cultivar yield unless otherwise indicated.
a Yield improvement compared to the cultivar with same crop maturity.
b Least signiﬁcant difference at 5% level of probability to compare yields within the
column above the LSD value.
c Yield improvement compared to the cultivar with same crop maturity and yield
potential.
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gains in yields in percentage terms in the respective climates due to
drought tolerance among the Indian locations (Table 5). Bikaner was
the warmest of the selected locations in India, thus the yield beneﬁt
due to heat tolerance in percentage terms was the highest, which was
12% and 17% under baseline climate and climate change, respectively.
The combined beneﬁt of drought and heat tolerance was also the
highest at this site, whichwas 34% and 42%, respectively, for the two cli-
mates. At Jodhpur and Bikaner locations all the yield gains due to
drought or heat tolerance were statistically signiﬁcant (p b 0.05)
under both the baseline and climate change scenarios.
At Aurangabad the cultivar Sharda took 85 days to mature under
baseline climate and on average produced 2241 kg ha−1 of grain
yield; whereas at Bijapur it took 84 days to mature and produced
1795 kg ha−1 of grain yield (Table 6). Reducing crop maturity by 10%
decreased crop yield by 42%, whereas increasing crop maturity by 10%
increased yield by 47%. Yield potential traits increased yield by 25% to
40% (Table 6). The highest increase in yield due to yield potential traits
was with the 10% shorter duration cultivar and the lowest with the 10%
longer duration cultivar. Under climate change, the yield of shorter du-
ration cultivar decreased by 42% and that of longer duration increased
by 46%. Yield potential traits increased the yield of virtual cultivars by
31% to 43%. As under baseline climate, the yield increase due to yield po-
tential traits was the greatest with the shorter duration and the lowest
with the longer duration cultivar. Under both climates, however, the
maximum absolute yield was obtained for the longer maturity cultivar
along with yield potential traits. At Bijapur, the crop maturity and
yield potential traits increased the yield of virtual cultivars in waysimilar to the Aurangabad site under both the climates; however, the
magnitude of absolute yields was different from those simulated for
the Aurangabad site (Table 6). At both Aurangabad and Bijapur loca-
tions under baseline and climate change scenarios, the changes in
crop yields due to cropmaturity or yield potential traits were statistical-
ly signiﬁcant (p b 0.05). Drought tolerance increased the yields by was
6% and 7% atAurangabadunder baseline climate and climate change, re-
spectively (Table 6). Aurangabad being the coolest of all the selected lo-
cations, heat tolerance did not enhance the yields under both the
climates. For the Bijapur site, the yield gain due to drought tolerance
was 15% under baseline climate and 13% under climate change
(Table 6). Like Aurangabad site, heat tolerance at this site had no bene-
ﬁcial effect on pearlmillet yields under both the climate scenarios. How-
ever, the yield gains due to drought tolerance at Aurangabad and
Bijapur were statistically signiﬁcant (p b 0.05) under both baseline cli-
mate and climate change.
3.4. Pearl millet response to genetic traits in West Africa
At Sadore, cultivar CIVT took 105 days to mature and produced
1188 kg ha−1 of grain yield under baseline climate (Table 7), whereas,
at Cinzana it took 112 days to mature and produced 1321 kg ha−1 of
grain yield. Higher mean yield at Cinzana could be attributed to higher
seasonal rainfall at Cinzana than at Sadore (Table 1). At Sadore under
baseline climate, the yield of 10% shorter and 10% longer maturity culti-
vars decreased by 3% and 15%, respectively. Incorporating yield
1234 P. Singh et al. / Science of the Total Environment 601–602 (2017) 1226–1237potential traits increased the yield of virtual cultivars by 11% to 14%.
Under climate change, the yield of both shorter and longermaturity cul-
tivars decreased and the decrease was signiﬁcant (p b 0.05) for the
shorter maturity cultivar (17%). Yield potential traits signiﬁcantly
(p b 0.05) increased the yield of virtual cultivars, which ranged from
12% to 21% with the greatest increase for the shorter maturity cultivar
(Table 7). At Cinzana, the yield of shorter and longer duration cultivar
decreased by 10% and 17%, respectively, under baseline climate. Yield
potential traits increased the yield of virtual cultivars up to 10%, which
was statistically non-signiﬁcant (p b 0.05). Under climate change the
grain yield of shortermaturity cultivar signiﬁcantly (p b 0.05) decreased
by 29% and that of longermaturity increased by 4%. Yield beneﬁt of yield
potential traits ranged from 10% to 21% across virtual cultivars. Under
climate change the highest yield was simulated for the 10% longer ma-
turity cultivarwith yield potential traits (1582 kg ha−1), but did not dif-
fer signiﬁcantly (p b 0.05) from the baseline cultivarwith yield potential
traits (Table 7).
At Sadore, drought tolerance increased the yield by 30% under base-
line climate and 17% under climate change.Whereas, at the Cinzana, the
yield gains due to this trait were 12% under baseline climate and 8%
under climate change (Table 7). Lesser beneﬁt due to drought tolerance
under climate change at Cinzana is attributed to better rainfall regime
during the season under climate change than at Sadore. Sadore being
the warmer site than Cinzana, the yield gain due to heat tolerance was
signiﬁcantly (p b 0.05) greater at Sadore (5%) than at Cinzana (2%)
under baseline climate. However, under climate change the yield bene-
ﬁt due to heat tolerance signiﬁcantly (p b 0.05) increased at bothTable 7
Performance of virtual cultivars under baseline climate and climate change
(temp. + CO2 + rain) by 2050 at Sadore and Cinzana sites in West Africa. Grain yield in
kg ha−1.
Virtual cultivars Baseline
climate
Climate change
2050
Grain
yield
%
change
Grain
yield
Grain
yield
Sadore
Baseline 1188 1018
10% short 1150 −3 845 −17
10% long 1009 −15 962 −6
Baseline + yield pot. 1323 11a 1165 14a
10% short + yield pot. 1310 14a 1021 21a
10% long + yield pot. 1137 13a 1082 12a
LSD (0.05)b 153 109
Baseline + yield pot. 1323 1165
Baseline + yield pot. + drought tolerance (DT) 1723 30c 1361 17c
Baseline + yield pot. + heat tolerance (HT) 1393 5c 1321 13c
Baseline + yield pot. + DT + HT 1812 37c 1548 33c
LSD (0.05)b 55 42
Cinzana
Baseline 1321 1375
10% short 1187 −10 972 −29
10% long 1092 −17 1434 4
Baseline + yield pot. 1435 9a 1548 13a
10% short + yield pot. 1304 10a 1173 21a
10% long + yield pot. 1206 10a 1582 10a
LSD (0.05)b 135 106
Baseline + yield pot. 1435 1548
Baseline + yield pot. + drought tolerance (DT) 1602 12c 1676 8c
Baseline + yield pot. + heat tolerance (HT) 1467 2c 1649 6c
Baseline + yield pot. + DT + HT 1638 14c 1784 15c
LSD (0.05)b 37 26
% change: percent yield gain of a virtual cultivar due to the trait as compared to the base-
line cultivar yield unless otherwise indicated.
a Yield improvement compared to the cultivar with same crop maturity.
b Least signiﬁcant difference at 5% level of probability to compare yields within the
column above the LSD value.
c Yield improvement compared to the cultivar with same crop maturity and yield
potential.locations (13% at Sadore and 6% at Cinzana). Both drought and heat tol-
erance combined had additive effects on yield under both baseline and
climate change scenarios at the two locations in West Africa.
4. Discussion
Using the modiﬁed CSM-CERES-Pearl Millet model, we evaluated
the genetic traits of pearl millet for adaptation to climate change at se-
lected locations in West Africa and India. The study revealed that in
the higher rainfall environments of Aurangabad and Bijapur, the poten-
tial yield gainswith the 10% longermaturity cultivar are to the extent of
47% as compared to the baseline cultivar (Sharda) under current climate
and climate change by midcentury (Table 6). At other locations (Hisar,
Jaipur, Jodhpur and Bikaner) although the yields increased with 10%
longer maturity, they were statistically non-signiﬁcant (p b 0.05) in
the both present and future climates. So the baseline cultivar life cycle
duration (ICMH356) remained the highest yielding at the four locations
under both climate regimes, possibly because of better ﬁt to the rainfall
patterns of those sites which minimized beneﬁt of the longer maturity
types. Similarly, at Sadore and Cinzana under base climate the yields
were higher for the baseline cultivar (CIVT) as compared to the yields
with the 10% shorter or longer maturity cultivar (Table 7). Under cli-
mate change thebaseline cultivar gave the highest yield at Sadore; how-
ever, at Cinzana a 4% increase in yield was simulated with 10% longer
maturity cultivar, which was statistically non-signiﬁcant (p b 0.05).
For the favorable rainfall conditions of future, the cultivars that are of
longer maturity in current climate will generally be more suitable as
thewarmer climate typically shortens the life cycle and longermaturity
cultivars will compensate for these conditions and produce higher
yields than the default baseline cultivars. Identifying a proper cultivar
according to length of growing period is one of the best ways to tackle
climate change impacts as sufﬁcient genetic diversity exists in pearlmil-
let maturity groups (Rai et al., 1999). This would minimize drought and
heat stress during the crop life cycle and the available seasonal re-
sources would be fully utilized.
In addition to increase or decrease in crop duration, altering yield
potential-controlling genetic traits (RUE, G1, G4 and GT) were also tried
as adaptation options across locations in India and Africa. Incorporating
yield potential traits in the longer maturity cultivar increased the yield
up to 25% at Hisar, 13% at Jaipur, 18% at Jodhpur, 20% at Bikaner, 31% at
Aurangabad and 33% at Bijapur under climate change. However, the
yield improvements for the baseline and shorter maturity cultivars with
yield potential traits were even larger. At Sadore under climate change,
the yield of the baseline cultivar was the highest (1018 kg ha−1), which
further increased by 14% by incorporating yield potential traits
(Table 7); whereas, at Cinzana under climate change the grain yield of
the high yielding longer duration cultivar was further enhanced by 10%
by incorporating yield potential traits. Yield gains associated with chang-
ing yield potential traits virtually were mainly due to changes in sources
and sink size. Rai et al. (1999) and Ong and Monteith (1985) identiﬁed
several genotypes in pearl millet having different source and sink sizes.
Based on our study it was clearly evident that genotypes having higher
RUE (source) and G1, G4 and GT (sink size) will produce higher yields
under climate change conditions.
Incorporating drought tolerance in pearl millet by increasing density
of roots in the subsoil and, therefore, greater soil water extraction with
depth was tried as another way to adapt to climate change. In India
under baseline climate, the yield improvements due to drought toler-
ance traits were the highest at Bikaner followed by Jodhpur, Bijapur,
Hisar, Jaipur and Aurangabad; while in West Africa the yield gains
were higher at Sadore than at Cinzana. The reason for differential re-
sponsewasmainly due to differences in soil water availability at the tar-
get locations as determined by the water holding capacity of soils and
the amount and distribution of rainfall. Except for the Bikaner site, the
percent yield gains due to drought tolerance of virtual cultivars under
climate change were either the same or somewhat less than those
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under climate change in much of India. The locations where rainfall is
projected to decrease during mid-century period, the drought tolerant
cultivars were found to be more promising adaptation option. Further,
even at locations where the rainfall is projected to increase in future,
the drought-tolerant virtual cultivars were still found to be suitable as
the crops will still suffer from drought due to increased water demand
caused by higher air temperatures as projected during mid-century. In
addition to other multiple mechanisms, increasing root length density
(RLD) and rooting depth in the subsoil are suggested as the prominent
mechanisms for drought tolerance and higher yields in pearl millet
and other dryland crops (Vadez et al., 2012). Genetic variation in root
traits of pearl millet exists, which can be used for breeding drought tol-
erant cultivars (Kusaka et al., 2005; Vadez et al., 2012). Increased RLD in
subsoil, thus greater soil water extraction with depth, also enhances
water use efﬁciency (yield/evapotranspiration) of the crop because
most of the additional water uptake from the subsoil is lost as transpira-
tion. Thus, the approach used in the model to simulate drought toler-
ance of virtual cultivars is appropriate. However, there is a chance that
drought-tolerant cultivars may also result in greater extraction of sub-
soil water which will impact the following crop in a cropping system.
Hence, the analysis on system prospective to study the carry-over effect
of water to the next crop is needed.
In addition to drought, high temperatures during the cropping sea-
son also adversely affect grain yields in current climate atmost locations
and will be even more damaging under climate change with increasing
temperatures. In current climate, the beneﬁt of incorporating up to 2 °C
greater heat tolerance had maximum yield advantage at Bikaner (12%)
followed by Sadore, Jodhpur, Jaipur, Hisar and Cinzana. Because of cur-
rent low temperatures at Aurangabad and Bijapur, heat tolerance trait
had no effect on grain yield there. However, under climate change the
beneﬁt of incorporating heat tolerance further increased at all the loca-
tions, except at Aurangabad and Bijapur. The maximum beneﬁt of heat
tolerance in terms of yield increase was 17% at Bikaner, followed by
13% at Sadore, 8% each at Jodhpur and Hisar and 6% each at Jaipur and
Cinzana. Heat tolerance exists among pearl millet genotypes and this
has been amply demonstrated by Gupta et al. (2015) in ﬁeld trials con-
ducted during spring-summer season (March to May) in India. Thus
heat tolerant germplasm could be used to breed new varieties to en-
hance heat tolerance in pearl millet under future climate change condi-
tions. Combining drought tolerance with heat tolerance in a virtual
cultivar further enhanced the yields and the effects were mostly addi-
tive in both current and future climates.
The simulation study investigated the role of genetic improvement
of pearl millet for adapting to climate change in future. Because the cli-
mate changes are projected to be small in the near-future, short-term
agronomic adjustments (such as changing the sowing date, fertilizer
management, water management etc.) may be more readily useful
than genetic options for adapting to climate change (Easterling, 1996;P
P
P
P
G
G
P
G
GHowden et al., 2007). Under more adverse climate change, a combina-
tion of both improved agronomic and genetic options will be needed
for adapting to climate. For each target site these options would need
to be prioritized, in terms of yield or economic advantage, for greater
adoption by the farmers under climate change. This study focused on
the major plant traits that are believed to be most useful in adapting
pearlmillet to climate change in the arid and semi-arid tropical environ-
ments in India and West Africa. There may be some other site-speciﬁc
plant traits, such as resistance to insect pests and plant diseases, useful
for adapting to climate change that have not been considered here. Ad-
ditionally, adaptation to extreme weather events beyond drought and
heat (such as water-logging andwind) were not considered here. Over-
all, this study has broad application for adapting pearl millet to climate
change.
5. Conclusions
This study focused on the major crop productivity constraints asso-
ciatedwith climate change in future in themillet growing environments
in India and West Africa. The study revealed that under climate change
conditions Hisar, Jaipur, Jodhpur, Bikaner, Sadore and Cinzanawill need
baseline or slightly longer duration cultivars along with drought and
heat tolerance traits. However, Aurangabad and Bijapur will beneﬁt
from longer duration cultivars with only drought tolerance for higher
yields in future climates. Yield potential traits will be useful at all the lo-
cations under climate change. As compared to the baseline climate, the
relative contribution of drought tolerance traits to grain yield will be
somewhat variable under climate change, depending on degree of rain-
fall change and soil water retention characteristics of locations. Howev-
er, the relative contribution of heat tolerance to grain yield increased
with climate change especially at the warmer locations. To enhance
and sustain yields of pearl millet under climate change a different com-
binations of plant traits will be needed at different target locations. The
modiﬁed CSM-CERES-Pearl Millet model and the virtual crop modeling
approach were useful in evaluating such plant genetic traits.
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essarily reﬂect those of PIM, DC, IFPRI, ICRISAT or CGIAR.Appendix I. Genetic coefﬁcients (GCs) of the three pearl millet baseline cultivars used in the studyCultivarsGCs ICMH 356 Sharda CIVT1 120 120 365
20 12.7 12 12
2R 86 15 260
5 340 360 285
1 0.7 0.8 0.6
4 1 1 0.73
HINT 43 43 43
T 1.2 1.2 1.2
5 11 11 11P2O Critical photoperiod or the longest day length (in hours) at which development occurs at a maximum rate. At values greater than P2O, the rate of development is(continued on next page)
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2R Extent to which phasic development leading to panicle initiation (expressed in degree days) is delayed for each hour increase in photoperiod above P2O
5 Thermal time (degree days above a base temperature of 10 °C from beginning of grain ﬁlling (3–4 days after ﬂowering) to physiological maturity.
1 Scaler for relative leaf size
4 Scaler for partitioning of assimilates to the panicle (head including grain).
HINT Phylochron interval; the interval in thermal time (degree days) between successive leaf tip appearances
T Tillering coefﬁcient, scalar for relative leaf size, equivalent to G1, but on tillers
5 Potential grain size, mgGP1Thermal time from seedling emergence to the end of the juvenile phase (expressed indegree days above a base temperature of 10 °C) duringwhich the plant is not responsive to chang-
es in photoperiod
Appendix II. Relative response of photosynthesis (PRFTC), grain-ﬁlling rates (RGFIL), grain set (RGSET) and leaf area expansion (RGLAI) to
temperature for the susceptible and tolerant cultivars as compared to the original values used in the modelValues Temperature thresholds (°C)Tbase Topt1 Topt2 TmaxPRFTC
riginal values 10 20 40 50
djusted values (susceptible and tolerant cultivars) 11 22 35 48
elative response (unit less) 0 1 1 0RGFIL
riginal values 7 22 48 50
djusted values (susceptible cultivar) 7 22 27* 60
djusted values (tolerant cultivar) 7 22 29 62
elative response (unit less) 0 1 1 0RGSET
riginal values – – – –
djusted values (susceptible cultivar) −10 12 33** 39**
djusted values (tolerant cultivar) −10 12 35 41
elative response (unit less) 0 1 1 0RGLAI
riginal values 8 14 36 46
djusted values (susceptible and tolerant cultivars) 8 23 32 42
elative response (unit less) 0 1 1 0RTbase: Base temperature; Topt1: Lower optimum temperature; Topt2: Upper optimum temperature; Tmax: Damaging “failure” temperature. *Threshold temperature based on Prasad
et al. (2006): ** Threshold temperature based on Gupta et al. (2015).References
AICPMIP, 1995–2012. Annual Reports, All India Coordinated Pearl Millet Improvement Project,
Mandore, Jodhpur. Indian Council of Agricultural research, New Delhi.
Akponikpe, P.B.I., 2008. Millet Response to Water and Soil Fertility Management in the Sahelian
Niger: Experiments and Modelling. Université catholique de Louvain, Louvain-la-Neuve,
Belgium (Ph.D. Dissertation, 168 pp).
Akponikpe, P.B.I., Michels, K., Bielders, C., 2008. Integrated nutrient management of pearl millet
in the Sahel combining cattle manure, crop residue and mineral fertilizer. Exp. Agric. 44,
453–472.
Bhagavatula, S., Parthasarathy Rao, P., Basavaraj, G., Nagaraj, N., 2013. Sorghum andMillet Econ-
omies in Asia—Facts, Trends and Outlook. International Crops Research Institute for the
Semi-Arid Tropics, Patancheru 502 324, Andhra Pradesh, India (80 pp).
Boote, K.J., 2011. Improving soybean cultivars for adaptation to climate change and cli-
mate variability. In: Yadav, S.S., Redden, R.J., Hatﬁeld, J.L., Lotze-Campen, H., Hall,
A.E. (Eds.), Crop Adaptation to Climate Change. Wiley-Blackwell, West Sussex, U.K.,
pp. 370–395.
Boote, K.J., Tollenaar, M., 1994. Modeling genetic yield potential. In: Boote, K.J., Bennett, J.M.,
Sinclair, T.R., Paulsen, G.M. (Eds.), Physiology and Determination of Crop Yield. ASA-CSSA-
SSSA, Madison, WI, pp. 533–565.
Boote, K.J., Kropff, M.J., Bindraban, P.S., 2001. Physiology and modelling of traits in crop plants:
implications for genetic improvement. Agric. Syst. 70, 395–420.
Boote, K.J., Ibrahim, A.M.H., Laﬁtte, R., McCulley, R., Messina, C., Murray, S.C., Specht, J.E., Taylor,
S., Westgate, M.E., Glasener, K., Bijl, C.G., Giese, J.H., 2011. Position statement on crop adap-
tation to climate change. Crop Sci. 51, 2337–2343.
Cooper, P., Rao, K.P.C., Singh, P., Dimes, J., Traore, P.S., Rao, K., Dixit, P., Twomlow, S., 2009. Farm-
ing with current and future climate risk: advancing a ‘hypothesis of hope’ for rain-fed agri-
culture in the semi-arid tropics. J. SAT Agric. Res. 7, 1–19.
Easterling, W.E., 1996. Adapting north American agriculture to climate change in review. Agric.
For. Meteorol. 80, 1–53.
Fischer, G., Shah, M., Tubiello, F.N., Van Velhuizen, H., 2005. Socio-economic and climate change
impacts on agriculture: an integrated assessment, 1990–2080. Philos. Trans. R. Soc. B 360,
2067–2073.
Fussell, L.K., Pearson, C.J., Norman, M.T.J., 1980. Effect of temperature during various growth
stages on grain development and yield of Pennisetum americanum. J. Exp. Bot. 31 (121),
621–633.
Gupta, S.K., Rai, K.N., Singh, P., Ameta, V.L., Gupta, S.K., Jayalekha, A.K., Mahala, R.S., Pareek,
S., Swami, M.L., Verma, Y.S., 2015. Seed set variability under high temperatures during
ﬂowering period in pearl millet (Pennisetum glaucum L. (R.) Br.). Field Crop Res. 171,
41–53.
Hammer, G.L., Butler, D.G., Muchow, R.C., Meinke, H., 1996. Integrating physiological under-
standing and plant breeding via crop modeling and optimization. In: Cooper, M.,Hammer, G.L. (Eds.), Plant Adaptation and Crop Improvement. CAB International, Walling-
ford, pp. 419–441.
Hammer, G.L., Kropff, M.J., Sinclair, T.R., Porter, J.R., 2002. Future contributions of crop modeling:
from heuristics and supporting decision making to understanding genetic regulation and
aiding crop improvement. Eur. J. Agron. 18, 15–31.
Hammer, G.L., Chapman, S., Van Oosterom, E., Podlich, D., 2005. Trait physiology and crop
modeling as a framework to link phenotypic complexity to underlying genetic systems.
Aust. J. Agric. Res. 56, 947–960.
Hammer, G.L., Van Oosterom, E., McLean, G., Chapman, S.C., Broad, I., Harland, P., Muchow, R.C.,
2010. Adapting APSIM to model the physiology and genetics of complex adaptive traits in
ﬁeld crops. J. Exp. Bot. 61, 2185–2202.
Hoogenboom, G., Jones, J.W., Wilkens, P.W., Porter, C.H., Boote, K.J., Hunt, L.A., Singh, U., Lizaso,
J.I., White, J.W., Uryasev, O., Ogoshi, R., Koo, J., Shelia, V., Tsuji, G.Y., 2014. Decision Support
System for Agrotechnology Transfer (DSSAT) Version 4.6. (www.DSSAT.net). DSSAT Foun-
dation, Prosser, Washington.
Howden, S.M., Soussana, J.F., Tubiello, F.N., Chhetri, N., Dunlop, M., Meinke, H., 2007. Adapting
agriculture to climate change. PNAS 104, 19691–19696.
IPCC, 2007. Climate Change 2007. The Physical Science Basis, Contribution ofWorking Group I to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cam-
bridge Univ. Press, Cambridge, UK, p. 996.
Jones, J.W., Hoogenboom,G., Porter, C.H., Boote, K.J., Batchelor,W.D., Hunt, L.A.,Wilkens, P.W., Singh,
U., Gijsman, A.J., Ritchie, J.T., 2003. DSSAT cropping systemmodel. Eur. J. Agron. 18, 235–265.
Knox, J., Hess, T., Daccache, A.,Wheeler, T., 2012. Climate change impacts on crop productivity in
Africa and South Asia. Environ. Res. Lett. 7, 034032–034037.
Kusaka, M., Lalusin, A.G., Fujimura, T., 2005. Themaintenance of growth and turgor in pearl mil-
let (Pennisetum glaucum [L.] Leeke) cultivars with different root structures and osmo-
regulation under drought stress. Plant Sci. 168 (1):1–14. http://dx.doi.org/10.1016/j.
plantsci.2004.06.021.
Lal, S., Deshpande, S.B., Sehgal, J., 1994. Soil Series of India. Soils Bulletin 40. National Bureau of
Soil Survey and Land Use Planning, Nagpur, India, p. 648.
Landivar, J.A., Baker, D.N., Jenkins, J.N., 1983. Application of GOSSYM to genetic feasibility stud-
ies. II. Analyses of increasing photosynthesis, speciﬁc leaf weight and longevity of leaves in
cotton. Crop Sci. 23, 504–510.
Messina, C.D., Jones, J.W., Boote, K.J., Vallejos, C.E., 2006. A gene-based model to simulate soy-
bean development and yield responses to environment. Crop Sci. 46, 456–466.
Ong, C.K., Monteith, J.L., 1985. Response of pearl millet to light and temperature. Field Crop Res.
11, 141–160.
Payne, R.W., Harding, S.A., Murray, D.A., Soutar, D.M., Baird, D.B., Glaser, A.I., Channing, I.C.,
Welham, S.J., Gilmour, A.R., Thompson, R., Webster, R., 2009. The Guide to GenStat Release
12, Part 2: Statistics. VSN International, Hemel Hempstead, p. 256.
Prasad, P.V.V., Boote, K.J., Allen Jr., L.H., 2006. Adverse high temperature effects on pollen viabil-
ity, seed-set, seed yield and harvest index of grain-sorghum [Sorghum bicolor (L.) Moench]
1237P. Singh et al. / Science of the Total Environment 601–602 (2017) 1226–1237are more severe at elevated carbon dioxide due to high tissue temperature. Agric. For.
Meteorol. 139, 237–251.
Rai, K.N., Murty, D.S., Andrews, D.J., Bramel-Cox, P.J., 1999. Genetic enhancement of pearl millet
and sorghum for the semi-arid tropics of Asia and Africa. Genome 42, 617–628.
Ritchie, J.T., 1998. Soil water balance and plant stress. In: Tsuji, G.Y., Hoogenboom, G., Thornton,
P.K. (Eds.), Understanding Options for Agricultural Production. Kluwer Academic Pub-
lishers, Dordrecht, The Netherlands, pp. 41–54.
Ritchie, J.T., Singh, U., Godwin, D.C., Bowen, W.T., 1998. Cereal growth, development and yield.
In: Tsuji, G.Y., Hoogenboom, G., Thornton, P.K. (Eds.), Understanding Options for Agricultur-
al Production. Kluwer Academic Publishers, Dordrecht, The Netherlands, pp. 79–98.
Rosenzweig, C., Jones, J.W., Hatﬁeld, J.L., Antle, J.M., Ruane, A.C., Boote, K.J., Thorburn, P.J.,
Valdivia, R.O., Porter, C.H., Janssen, S., Mutter, C.Z., 2015. Appendix 1. Guide for regional in-
tegrated assessments: handbook of methods and procedures, version 5.1. In: Rosenzweig,
C., Hillel, D. (Eds.), Handbook of Climate Change and Agroecosystems: The Agricultural
Model Intercomparison and Improvement Project (AgMIP) Integrated Crop and Economic
Assessments, Part 1. ICP Series on Climate Change Impacts, Adaptation, and Mitigation
Vol. 3. Imperial College Press, pp. 331–386.
Ruane, A.C., Goldberg, R., Chryssanthacopoulos, J., 2015. Climate forcing datasets for agricultural
modeling: merged products for gap-ﬁlling and historical climate series estimation. Agric.
Forest Meteorol. 200, 233–248.
Singh, P., Boote, K.J., Kumar, U., Srinivas, K., Nigam, S.N., Jones, J.W., 2012. Evaluation of genetic
traits for improving productivity and adaptation of groundnut to climate change in India.
J. Agron. Crop Sci. 198, 399–413.
Singh, P., Nedumaran, S., Ntare, B.R., Boote, K.J., Singh, N.P., Srinivas, K., Bantilan, M.C.S., 2014a.
Potential beneﬁts of drought and heat tolerance in groundnut for adaptation to climate
change in India and West Africa. Mitig. Adapt. Strateg. Glob. Chang. 19, 509–529.
Singh, P., Nedumaran, S., Boote, K.J., Gaur, P.M., Srinivas, K., Bantilan, M.C.S., 2014b. Climate
change impacts and potential beneﬁts of drought and heat tolerance in chickpea in South
Asia and East Africa. Eur. J. Agron. 52, 123–137.Singh, P., Nedumaran, S., Traore, P.C.S., Boote, K.J., Rattunde, H.F.W., Prasad, P.V.V., Singh, N.P.,
Srinivas, K., Bantilan, M.C.S., 2014c. Quantifying potential beneﬁts of drought and heat tol-
erance in rainy season sorghum for adapting to climate change. Agric. For. Meteorol. 185,
37–48.
Sivakumar, M.V.K., 1990. Exploiting rainy season potential from the onset of rains in the Sahel-
ian zone of West Africa. Agric. For. Meteorol. 51, 321–332.
Sivakumar, M.V.K., Salaam, S.A., 1999. Effect of year and fertilizer on water-use efﬁciency of
pearl millet (Pennisetum glaucum) in Niger. J. Agric. Sci. 132, 139–148.
Sultan, B., Roudier, P., Quirion, P., Alhassane, A., Muller, B., Dingkuhn, M., Ciais, P., Guimberteau,
M., Traore, S., Baron, C., 2013. Assessing climate change impacts on sorghum and millet
yields in the Sudanian and Sahelian savannas of West Africa. Environ. Res. Lett. 8,
014040–014048.
Suriharn, B., Patanothai, A., Boote, K.J., Hoogenboom, G., 2011. Designing a peanut ideotype for a
target environment using the CSM-CROPGRO-peanut model. Crop Sci. 51, 1887–1902.
Tardieu, F., 2003. Virtual plants: modelling as a tool for genomics of tolerance to water deﬁcit.
Trends Plant Sci. 8, 9–14.
Vadez, V., Hash, T., Bidinger, F.R., Kholova, J., 2012. Phenotyping pearl millet for adaptation to
drought. Front. Physiol. 3:386. http://dx.doi.org/10.3389/fphys.2012.00386.
White, J.W., Hoogenboom, G., 2003. Gene-based approaches to crop simulation: past experi-
ences and future opportunities. Agron. J. 95, 52–64.
Willmott, C.J., 1982. Some comments on the evaluation of model performance. Bull. Am.
Meteorol. Soc. 63, 1309–1313.
Yin, X., Kropff, M.J., Stam, P., 1999. The role of ecophysiological models in QTL analysis: the ex-
ample of speciﬁc leaf area in barley. Heredity 82, 415–421.
